We present an application of circular-harmonic filters ͑CHF's͒ for the recognition of planktonic microorganisms. CHF's discriminated both genera Acartia and Calanus. The symmetry of genus Acartia permitted discrimination to the species and sex levels, whereas the asymmetry of the genus Calanus permitted discrimination only to the generic level. The differences among organisms of different sex of the genus Calanus could not be detected by these particular CHF's. More research needs to be carried out with more complex CHF's to enhance their performance and to permit the implementation of an automated optodigital system to identify and count marine microorganisms.
Introduction
The use of computers in image processing began in the 1960's, but it was in the 1970's when it had an accelerated growth. 1 Nowadays digital pattern recognition is an important tool in various fields of science and industry. 2 In the marine sciences, microorganism quantification and identification is very important in knowing parameters such as ocean productivity. 3 In a seawater sample we can find a great variety of microorganisms and debris. To accomplish the correct identification of a microorganism the researcher needs a microscope, a lot of patience, and experience. 4 Marine scientists of the early 1970's began to develop some types of automated systems to make the identification and quantification process less boring and time consuming. Unfortunately, none of the proposed systems could guarantee the effectiveness of the taxonomic classification because of problems with the orientation of the organism or the resolution of the images. 5, 6 The use of coherent optical techniques for the recognition of objects was introduced by Vander Lugt 7 and is known as optical matched-filter correlation.
This filter is shift invariant but sensitive to changes in scale and rotation. 8 Another approach to accelerating the identification and quantification of marine microorganisms was made during the 1970's by use of coherent optical techniques. The research groups involved specialists in electronics, optics, and biology. 9 -12 Their results were good, but the analysis was performed by the maintenance of the same orientation of the organism.
To achieve rotation invariance it is convenient to make a Cartesian-to-polar coordinate conversion. 13 The CHF is the most widely used method of accomplishing rotation invariance. 14 -16 The advantages of these filters are numerous. First, the correlation plane is invariant to rotation, and second, there are a great number of theoretical studies that have proved their sensitivity to noise. 15, 17 The main disadvantage of the use of CHF's is that they lose their power of discrimination if the expansion center, or proper center, is not previously selected. There are several methods 15,18 -20 of finding the proper center for a CHF. All these methods present some problems as a result of excessive computation time. Prémont 19 developed an algorithm based on simulated annealing and was able to reduce the computation time by 2 orders of magnitude.
The aim of this work is to use CHF's to identify calanoid copepods ͑marine planktonic microorganisms͒ at the highest possible taxonomic level ͑genus, species, and sex͒.
Ecological Significance of the Calanoid Copepods
Zooplankton constitute the animal component of plankton. Copepods are an important part of this group because of their abundance and their important role in the biological dynamics of marine ecosystems as the main route of the energy flux among the phytoplankton and the upper trophic levels. 21 Calanoid copepods are very abundant in all the seas of the world and are extremely abundant in temperate regions. The genus Calanus is the principal representative because it inhabits all oceans, exceeding in number the other genera. 22 In coastal lagoons other genera are dominant, for example, the genus Acartia is dominant in the coastal lagoons of the northwest Pacific Ocean. 23 The copepods have nonsymmetric shapes in most of the cases. CHF's would permit the discrimination of important details of these organisms, such as their sex.
Theory of Circular-Harmonic Filters
CHF's are complex filters that are matched to only one circular-harmonic ͑CH͒ component of the reference object ͑in polar coordinates͒ and provide full rotation invariance. It is very important to select a proper expansion center to guarantee good recognition. Several methods have been proposed for selecting the proper center of a CHF. 15,18 -20 The main disadvantage of the first two methods is their excessive computation time, which was overcome by the last two methods, as described below.
A bidimensional object f ͑ x, y͒ in Cartesian coordinates is f ͑r, ͒ in polar coordinates. Their CH expansion is
where m is an integer. In a more general form and as ͑, ͒ is the origin of the coordinate system,
In an optic correlator the filter will be one of the harmonic components: f r ͑r, ; , ͒ ϭ f m ͑r; , ͒exp͑ jm͒.
This filter is a complex function; it must be recorded as a computer-generated hologram and then put in the Fourier plane of an optical correlator. The correlation between the CHF f r of Eq. ͑1͒ and an object g͑ xЈ, yЈ͒ can be expressed as
where ͑ xЈ, yЈ͒ are Cartesian coordinates in the correlation plane and the superscript asterisk indicates complex conjugate of the filter. When the object is rotated it is possible to express it as a sum of CH functions developed at the same expansion center as the filter:
where the CH functions vary depending on the displacement of the object. With the image of the filter in polar coordinates and by integrating in , we can obtain a full expression for the correlation plane:
x, y͒ f m *͑r; , ͒rdr, (6) where ͑ x, y͒ represents the Cartesian coordinates of the image plane and g m ͑r; x, y͒ indicates the angle of the CH function of order m developed at the point ͑ x, y͒ as the origin of the polar coordinate system. The correlation between the object and the filter is
where the asterisk operator denotes correlation.
Results
For this research two calanoid copepods species, both males and females, were chosen as the target images ͑Calanus pacificus and Acartia tonsa͒. The images of the selected calanoid copepods were photographed from a stereoscopic microscope, digitized, and binarized with a 256 ϫ 256 pixel resolution.
Traditionally organisms with missing parts are not considered for taxonomic identification. 4, 11, 12 We did not consider the natural variability of the organisms, such as missing parts and extended or folded antennas, but this subject was considered in previous research 24 for which we used diffraction patterns alone as a tool to recognize copepods.
Trujillo-Ortíz 23,25,26 has been working with calanoid copepods for several years, especially Calanus pacificus and Acartia californiensis. He 28 has said that it is difficult to predict which position ͑extended or folded antenna͒ the organism will adopt after fixation. In all the years he has worked with these species of calanoid copepods, he estimates that 96% of the males and females of C. pacificus are found with folded antennas and that 75% of the males and females of A. californiensis are found with their antennas extended, as we present here ͑Figs. 2-4͒.
Several input scenes ͑256 ϫ 256 pixels͒ containing different combinations of the target organisms were generated to test the CHF's. All research was carried out on a 486DX2 personal computer with 16 Mbytes of RAM, a 1.2-Gbyte hard drive, and the OS͞2 operating system.
The key point in rotation-invariant pattern recognition by use of CHF's is to find the proper center ͑center of expansion͒ from a given expansion order. We obtained access to the main algorithm for finding the proper center on the basis of simulated annealing, as proposed by Prémont. 19 Next we rewrote most of the subroutines involved to speed up the computation time. The appropriate orders ͑those with a difference between the proper center and the maximumenergy peak lower than eight pixels͒ were used to construct the CHF of each target organism ͑Table 1͒. Some authors 20, 27 worked with 64 ϫ 64 or 128 ϫ 128 pixel images and found distances that did not exceed 3-4 pixels and led to a fast-stabilizing algorithm that was 2 orders of magnitude faster than previous methods. In our case the images are 256 ϫ 256 pixels in size, and the greater distance between the proper center and the maximum-energy peak did not slow down the algorithm because of the way the integrals were programmed and because of the characteristics of the computer ͑Table 1͒.
We agree with Casasent et al. 27 who reported that the lower orders ͑1-5͒ generated low-noise correlation peaks and higher orders generated high-noise correlation peaks ͑Fig. 1͒. Figure 2͑a͒ shows an input scene ͑four images͒ containing two different genera and species with the same orientation. We wanted to differentiate between sex and species. The males are located toward the right side of the image and the females toward the left side. The target is marked with an arrow. Figure 2͑b͒ shows the correlations obtained. In this case the highest correlation value ͑1.0͒ was produced by the C. pacificus female instead of the male ͑0.8͒, which was the original target. The other copepods had a very low correlation value ͑0.4͒. The CHF was able to differentiate the two genera and species but not the sex. Figure 3͑a͒ shows another input scene containing two different genera and species with different orientations. We wanted to differentiate sex and species. The C. pacificus females were the target. Figure  3͑b͒ shows the correlations obtained, with the highest correlation value ͑1.0͒ for the C. pacificus male, the next highest ͑0.6͒ for the C. pacificus female, and the lowest ͑0.2͒ for the other copepod. The CHF was able to differentiate the two genera and species, but not the sex. Figure 4͑a͒ shows an input scene containing two very similar species of the genus Acartia ͑A. tonsa and A. californiensis͒. We wanted to differentiate sex and species. The targets are the A. tonsa males ͑marked with an arrow͒. Figure 4͑b͒ shows the correlations obtained. In this case the highest correlation value ͑1.0͒ was generated by the targets and very low correlation values ͑0.2-0.5͒ were obtained for the CHF's discriminated between the genera Acartia and Calanus. Genus Acartia was discriminated to the species and sex levels, whereas the genus Calanus was discriminated only to the generic level. In this case only the genus Acartia is symmetrical. This could be the key to success of the CHF with these genera. The anatomical difference between a Calanus male and female is a small protuberance in the tail or urosom of the female. Such a small difference could not be detected by our CHF's.
As we have seen, the discrimination ability of a single CHF is limited. Several methods for improving discrimination have, recently been developed. 29 -31 Our next step in this direction is to apply the new methods criteria to improve the discrimination of our filters using organisms with a wide range of variability ͑missing parts or folded antennas͒.
Conclusion
In this paper we presented an application of CHF's for the recognition of planktonic microorganisms. As far as we know, this is the first research performed using rotation-invariant CHF's for a nonmilitary pur- pose. Rotation-invariant pattern recognition by use of CHF's has been widely used by the military industry for approximately 12 years. Today the core of CHF's is very well known, and it needs only to be modified to improve performance. Our CHF's discriminated both genera Acartia and Calanus. The organisms of the genus Acartia are symmetric and were discriminated to the species and sex level, whereas the asymmetric organisms of the genus Calanus were discriminated to the generic level. The difference between organisms of different sex of the genus Calanus could not be detected by these particular CHF's. More research needs to be carried out with more complex CHF's to enhance their performance and to be able to implement an automated optodigital system to identify and count marine microorganisms.
